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Abstract 
An extensive experimental study is carried out to analyze scaling laws for the length of methane oxy-flames 
stabilized on a coaxial injector. The central methane fuel stream is diluted with N2  , CO2  or He. The annular 
air stream is enriched with oxygen and can be impregnated with swirl. Former studies have shown that the 
stoichiometric mixing length of relatively short flames is controlled by the mixing process taking place in 
the vicinity of the injector outlet. This property has been used to derive scaling laws at large values of the 
stoichiometric mixture fraction. It is shown here that the same relation can be extended to methane oxy- 
flames characterized by small values of the stoichiometric mixture fraction. Flame lengths are determined 
with OH∗ chemiluminescence measurements over more than 1000 combinations of momentum ratio, annular 
swirl level and composition of the inner and outer streams of the coaxial injector. It is found that the lengths 
of all the flames investigated without swirl collapse on a single line, whose coefficients correspond to within 
15% of flame lengths obtained for fuel and oxidizer streams at much larger stoichiometric mixture fractions. 
This relation is then extended to the case of swirling flames by including the contribution of the tangential 
velocity in the flow entrainment rate and is found to well reproduce the mixing degree of the two co-axial 
streams as long as the flow does not exhibit a vortex breakdown bubble. At higher swirl levels, when the 
flow features a central recirculation region, the flame length is found to also directly depend on the oxygen 
enrichment in the oxidizer stream. 
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(A. Degenève). 1. Introduction
Many industrial combustors are powered by
co-axial injectors in which the oxidizer and fuel 
streams are injected separately and expand in a 







































Fig. 2. OH ∗ intensity distribution of selected flames from 
dataset D2 in Table 1 and increasing m values. Num- 
bers refer to Fig. 4 (b). White contours indicate the Otsu 
threshold used to determine L S . 
Fig. 3. OH ∗ intensity distribution of selected flames from 
datasets D5 and D6 in Table 1 with high annular swirl lev- 
els S 2 . Latin letters refer to data shown in Fig. 7 . Greek 
letters make references to data shown in Fig. 8 . White con- 
tours indicate the Otsu threshold used to determine L S . thickness e = 1 mm, wherein methane is eventu-
ally mixed with a diluent (N 2 , CO 2 or He), and an
annular injection channel of outer diameter d 2 =
20 mm, with an adjustable O 2 /N 2 gas composi-
tion. A swirl motion can be imposed to the annu-
lar stream thanks to tangential slits. The axial and
tangential volume flowrates injected in the annu-
lar channel are designated respectively by Q 2, z and
Q 2, θ . Assuming a solid-body rotation, the geomet-
rical swirl number S 2 in the annular channel is given
by 
S 2 = π4 
H d 2 
NlL 
1 − (d 2 /d 1 ) 4 
1 + Q 2 ,z /Q 2 ,θ (3)
where H is the distance separating the tangential
injection channels from the burner axis, l the width
and L the height of the N tangential injection chan-
nels. This device was designed to produce geometri-
cal swirl numbers ranging from S 2 = 0 to 1.73 with
N = 2 slits. The central fuel stream is not swirled in
this study. The coaxial jet exhausts in quiescent air
at ambient pressure, above a back plane at room
temperature T = 300 K, so as to avoid effects of 
confinement and heat transfer to the walls. The
coaxial injector outlet is elevated 5 mm above the
back plane to ease visualization and there is no re-
cess between the central and outer injector outlets.
This altitude defines the axial origin z = 0 . 
The flame length is defined as the furthest point
on the axis with a combustion reaction [12,17] . In
many cases, the length of diffusion flames is deter-
mined by recording its global emission in the visi-
ble band [12,19,20] or the emission of selected in-
termediate radicals [9,17,18] . In these studies, the
flame length is commonly correlated to the stoi-
chiometric mixing length L S . Given the large range
of operating conditions targeted in this work, it is
first worth exploring if the OH ∗ emission signal is a
good tracer for the length of oxy-flames and if it is
well correlated to the stoichiometric mixing length
L S . 
Numerical simulations of steady one-
dimensional counterflow methane oxy-flames
were carried out with the Grimech 3.0 mechanism
[21] in [22] and completed with OH ∗ chemistry
in [23] . These authors verified that the OH ∗ peak
emission from diffusion oxy-flames lies very close
to stoichiometry at z = z st for a large range of
oxygen enrichments and strain rates. Numerical
simulations have also been carried out in this study
to verify this property for selected operating points
with the same Grimech 3.0 mechanism completed
with the chemistry of OH ∗ [23] . They are provided
as supplementary material and confirm that both
peaks of temperature and OH ∗ lie close to the
flame front at z = z st , when compared to the
flame thickness. Self-similar counterflow equations
were solved with an in-house code with identical
transport and thermodynamics properties as in
the CHEMKIN package and similar numerical
algorithms.The OH ∗ images are recorded with a 16 bit 
intensified CCD camera (ICCD, Princeton, PI- 
MAX4, 1024 × 1024 pixels) equipped with an UV 
objective (Nikkor 105 mm) and a 10 nm band- 
pass filter centered at 310 nm (Asahi XBPA310- 
Bandpass). Line of sight integrated averaged fields 
of OH ∗ emission are determined from 30 snapshots 
each with an exposure time of 200 ms. Statistical 
convergence of the mean OH ∗ intensity is system- 
atically verified. 
The Otsu thresholding method [24] is chosen 
here to infer the flame front location from the OH ∗
images as in [25,26] . Examples without swirl are 
shown in Fig. 2 and effects of swirl are illustrated 
in Fig. 3 . The stoichiometric mixing length L S is de- 
termined as the highest point of the Otsu contour, 
which is found to lie along the burner centerline, ex- 
cept for the highly swirled flames featuring a central 
recirculation zone. A sensitivity analysis has been 
carried out to examine changes of L S when vary- 
ing the image brightness and contrast. Different ex- 
posure times and camera apertures were tested. It 
appears that the largest variations of L S are lim- 
ited to within 5%. The method is also validated in 
Section 4 by comparing the results with the sto- 
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upplementary material 
Supplementary material associated with this ar-
icle can be found, in the online version, at doi: 10.
016/j.proci.2018.06.032 . 
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